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The response of laser-excited Li atoms prepared in the (2p,m=+1) state to circularly polarized
radiation with the same or opposite helicity of the initial state is investigated. For a field frequency
near the excitation energy of the polarized initial state, the photoelectron energies are significantly
different for the two helicities. Good agreement between theory and experiment is obtained, and
the observed energy shifts are explained by the helicity-dependent Autler-Townes splitting due to
the coupling of the 2p state with the Li ground state.
Circularly polarized light exhibits handedness, a fea-
ture that gives rise to breaks in symmetry in its inter-
action with matter. This intriguing phenomenon is
well known as circular dichroism (CD), and it unfolds,
e.g., as the difference in photoelectron angular distri-
butions (PADs) for opposite photon helicities in single-
photon ionization of oriented diatomic molecules [1] and
even of ground-state atomic targets [2–5]. For these
nonchiral targets, however, the systems of opposite pho-
ton handedness are merely mirror images of one another
(neglecting parity-violating effects [6, 7]). This mirror
symmetry is only lifted, therefore, if the target also pos-
sesses a handedness. Chiral molecules, i.e., molecules
that are not superimposable with their mirror images,
are a prominent example of such handed targets. Their
ionization by single- [8–10] or multi-photon [11–13] ab-
sorption as well as strong optical fields [14] reveals sig-
nificant dichroic asymmetries even for randomly oriented
molecules. Such asymmetric photoreactions have far-
reaching implications that could contribute to the solu-
tion of the long-standing puzzle of the homochirality of
amino acids and sugar molecules, which are relevant for
terrestrial life [15, 16].
Single atoms can also feature chirality if their or-
bital angular momentum is polarized along the projectile
beam direction with a mean magnetic quantum number
〈m〉 6= 0 [17, 18]. Due to their comparably simple struc-
ture, polarized atomic targets represent benchmark sys-
tems for our understanding of asymmetries in the inter-
action of chiral light with chiral matter. Recent stud-
ies focussed, amongst other things, on fundamental as-
pects of magneto-optics [19] or on the details of tunneling
dynamics [20–22] and resonance-enhanced multi-photon
ionization (REMPI) [17, 23, 24]. Dichroic asymmetries
occurring in the total scattering yield or in PADs can be
qualitatively understood in the electric dipole approxi-
mation by the change of the magnetic quantum num-
ber m, which is +1 (−1) for each absorbed photon of
right-(left-)handed circular polarization, thus resulting in
different partial waves for opposite helicities to contribute
and interfere in the final state [25, 26]. Dichroic shifts in
the photoelectron energies are either completely absent
[26] or relatively small (as compared to peak widths and
positions), but they can give insights into the structure of
the dressed target atoms [23, 24, 27] or reveal fingerprints
of atomic ring currents [21, 28].
In this Letter, we demonstrate an atomic multi-photon
ionization scheme, in which circular dichroism mani-
fests itself in strong and controllable shifts in the photo-
electron energy spectrum. Alkali atoms are optically
pumped to a polarized p-state and subsequently ionized
by the absorption of two photons in the circularly po-
larized field of an intense femtosecond laser. A change
of the field helicity results in relative shifts of the photo-
electron energies by up to 40 %. This observation is qual-
itatively understood by the polarization-selective Autler-
Townes splitting of the initial state due to its coupling to
the ground state in the intense light field. The counter-
intuitive energy dependence on the photons’ polarization
provides an additional dial for the quantum control of
the emission of polarized electrons [29, 30], which can
be used to enhance the chiral response in the analysis of
handed targets.
The present study contributes also to the interest-
ing and much-debated question whether photoionization
proceeds more efficiently for the electron current den-
sity of the initial state being co-rotating or counter-
rotating with the ionizing field. For low-intensity single-
photon absorption, it is well-established that ionization
is strongly favored in the co-rotating case [25], but the
trend was found to be reversed in the nonadiabatic tunnel
ionization regime [20, 28]. For multi-photon ionization,
in contrast, this question was not answered unambigu-
ously. In fact, the favored geometry swaps with increas-
ing field intensity [23, 31]. The intensity dependence can
be very strong [24] due to transient (“Freeman”) reso-
nances [32], where quasi-energies of dressed intermediate
states are moved in resonance, thereby enhancing specific
REMPI channels. In the system investigated here, reso-
nance enhancement does not significantly affect dichroic
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2FIG. 1. Scheme of few-photon ionization of Li(2p) and Li(2s)
in lowest-order perturbation theory. To facilitate readability,
m is denoted with respect to a quantization direction being
anti-parallel to the laser propagation for the counter-rotating
case (blue arrows). Atomic levels undergoing Autler-Townes
splitting are shown as double lines in the graph (see text).
Measured PADs and fitted spherical harmonics are shown on
the top for the counter- (left) and co-rotating case (right).
asymmetries.
In our experiment, an atomic target gas cloud was
prepared in a near-resonant all-optical laser atom trap
(AOT) [33], where lithium atoms are cooled to tem-
peratures of about 1 mK. The wavelength of the AOT
laser field is tuned near the 2s− 2p resonance at 671 nm
(∆νAOT < 15 MHz), resulting in a steady-state atomic
excitation fraction of about 25 %. As shown earlier [33],
optical pumping in the AOT results in a high degree
of atomic polarization, with 93 % of the excited state
atoms populating the magnetic sub-level with m = +1.
The femtosecond light source is a commercially avail-
able few-cycle optical parametric chirped-pulse amplifier
(OPCPA) system similar to the setup described in [34].
It is based on a Ti:Sa oscillator providing the seed for
two non-collinear optical parametric amplifier (NOPA)
stages. For the present experiment, the system was con-
figured to emit pulses with a wavelength, duration, and
repetition rate of 665± 5 nm, 65 fs, and 200 kHz, respec-
tively, and a peak power of up to 1012 W/cm2. The
femtosecond laser beam is focused and guided through
the vacuum chamber with a waist of 50µm at the tar-
get position and an angle of 10◦ with respect to the po-
larization direction of the atoms (i.e. the z-axis). Elec-
tron and recoil ion momenta are measured in coinci-
dence in a cold-target recoil-ion momentum spectrometer
(COLTRIMS) [35].
The experimental data shown below are compared
with predictions from an ab initio calculation based on
the solution of the time-dependent Schro¨dinger equation
(TDSE). For the setup considered here, lithium can be
well described as an active (n`) valence electron above
an inert He-like (1s2) core. The latter was simulated
by the static Hartree potential supplemented by phe-
nomenological terms to simulate the core polarizability
as well as exchange between the valence electron and the
core. The ideas of the method were described in [36, 37]
and successfully used by Schuricke et al. [38]. With a few
further improvements, we obtained the ionization poten-
tials of the 2s and 2p orbitals, as well as those of the
n = 3 orbitals, to better than 1 meV of the recommended
data [39]. The initial state was then propagated in time
by solving the TDSE numerically [40, 41]. We used an
updated version of the code with the necessary modifica-
tions introduced for circularly polarized light described
by Douguet et al. [42].
For the conditions described above, the corresponding
Keldysh paramaters are always larger than about 6.5 and
the ionization process is well described in a multi-photon
picture. The ionization pathways are depicted in Fig. 1
according to lowest-order perturbation theory. Lithium
atoms in the 2s ground state are ionized by the absorp-
tion of three photons, resulting in a final-state (orbital)
angular momentum of (`,m) = (3, 3). Note that the cen-
ter frequency of the laser pulses is near the 2s− 2p zero-
field resonance energy with a blue-shift of ∆νfs ≈ 4 THz
(16 meV). For target atoms in the excited 2p state, two
photons suffice to promote the valence electron to the
continuum. For the co-rotating case, the final angular
momentum is identical to 2s ionization and hence given
by (3, 3). For the counter-rotating case, on the other
hand, the final magnetic quantum number is m = 1,
with the total angular momentum in a superposition of
` = 1 and ` = 3. The different angular momenta result
in vastly different PADs, as illustrated in Fig. 1.
Figure 2 exhibits momentum distributions of low-
energy electrons in the plane perpendicular to the laser
beam propagation direction (the xy-plane) for 2s ioniza-
tion as well as for co- and counter-rotating 2p ionization.
All spectra feature ring structures due to the cylindrical
symmetry of the systems. The diameters of the rings re-
flect different electron continuum energies. There is rea-
sonable qualitative agreement between the experimental
and theoretical spectra, even though the ring diameters
do not perfectly align for experiment and theory.
The differential ionization probabilities as a function of
the photoelectron energy are plotted in Fig. 3. The en-
ergy range shown in the figure contains more than 98 % of
the theoretical cross sections, i.e. contributions of higher
electron energies due to above-threshold ionization (ATI)
are small for the investigated field intensities. For ion-
ization of the 2s ground state, the distributions for left-
and right-handed circular polarization are expected to be
identical (neglecting the spin polarization of the target
atoms), which is consistent with the experimental obser-
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FIG. 2. Measured (top row) and calculated (bottom row)
electron momentum distributions in the xy-plane integrated
over the z-component. The experimental peak intensity
(0.68 × 1012 W/cm2) is compared to a lower theoretical one
(0.51× 1012 W/cm2) in order to account for the finite size of
the reaction volume (see text). The initial target states are
2s (left column) and 2p for co-rotating (center) and counter-
rotating (right) circular field polarizations.
vations. Remaining deviations for the two laser polar-
izations are attributed to systematic uncertainties, such
as small drifts in the laser spectrum or slightly different
residual ellipticities of the laser polarization in the two
measurements. At the lower laser intensity (top row in
Fig. 3) and for ground-state ionization, the photoelectron
energy peak features a shoulder towards lower electron
energies, which develops into a separate maximum with
increasing laser intensity. A similar behavior is observed
for the 2p-state ionization for the co-rotating laser polar-
ization, with the shoulder being towards the high-energy
side of the main energy peak. In the counter-rotating
situation, however, there is a single peak, whose position
and general shape do not significantly vary with the laser
intensity.
The general features observed in the experiment are
well reproduced by our model. However, some differ-
ences between experiment and calculation persist. For
the initial 2s state as well as for excited-state ionization
with co-rotating laser polarization, the calculated spectra
exhibit two well-separated energy peaks, which are more
narrow and have a larger separation than in the exper-
imental spectra. These differences can only partly be
explained by the experimental resolution, which is about
30 meV in the relevant energy regime. More significant
systematic uncertainties are related to the field intensity:
Generally, target atoms are not ionized at a single point
in the center of the laser focus, but ionization takes place
in a region around the focus at different local peak inten-
sities. This effect can be accounted for by convoluting
theoretical spectra over the intensity distribution of the
reaction volume around the focal point [38], which was
not done in the present study. Instead, this effect was
0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 50
2 0 0 0
4 0 0 0
6 0 0 0
8 0 0 0
1 0 0 0 0
1 2 0 0 0
1 4 0 0 0
1 6 0 0 0
0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 50
1
2
3
0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 50
2 0 0 0
4 0 0 0
6 0 0 0
8 0 0 0
1 0 0 0 0
1 2 0 0 0
1 4 0 0 0
1 6 0 0 0
0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 50
2
4
6
8
dP 
/ dE
e (a
rb. 
unit
s)
E e  ( e V )
 2 p  c o - r o t a t i n g 2 p  c o u n t e r - r o t a t i n g 2 s  c o - r o t a t i n g 2 s  c o u n t e r - r o t a t i n g
I  =  3  ×  1 0 1 1  W / c m 2
I  =  6 . 8  ×  1 0 1 1  W / c m 2 I  =  5 . 1  ×  1 0 1 1  W / c m 2
I  =  2 . 3  ×  1 0 1 1  W / c m 2
C D  =  0 . 5 5  ± 0 . 0 8
C D  =  0 . 5 6  ± 0 . 1 0  
C D  =  0 . 6 6  
C D  =  0 . 5 3  
dP 
/ dE
e (1
/eV
)
E e  ( e V )
 2 p  c o - r o t a t i n g 2 p  c o u n t e r - r o t a t i n g 2 s
dP 
/ dE
e (a
rb. 
unit
s)
E e  ( e V )
 2 p  c o - r o t a t i n g 2 p  c o u n t e r - r o t a t i n g 2 s  c o - r o t a t i n g 2 s  c o u n t e r - r o t a t i n g
dP 
/ dE
e (1
/eV
)
E e  ( e V )
 2 p  c o - r o t a t i n g 2 p  c o u n t e r - r o t a t i n g 2 s
FIG. 3. Measured (left) and calculated (right) electron energy
spectra for 2s and 2p ionization for both relative helicities of
the circularly polarized laser field. Peak intensities I and CD
values are given in the graphs. Data for two experimental in-
tensities are shown (top and bottom) and compared to lower
theoretical intensities in order to account for the spatial ex-
tension of the reaction volume (see text).
accounted for approximately by considering a reduced
average intensity, which was chosen to be 3/4 of the es-
timated experimental peak intensity.
The structure and shifts observed in the energy spec-
tra for 2s ionization and for 2p ionization with co-
rotating polarization can be qualitatively interpreted by
the “dressing” of the initial states in the photon field.
The dressed-state approach is widely used to explain
structures in photoelectron energy spectra for multi-
photon ionization of atoms and molecules (e.g. [24, 43])
and provides intuitive insights into the physical mecha-
nisms at play. Particularly interesting is the situation
where the photon field is at resonance and couples two
atomic levels. The coupling splits the levels into Autler-
Townes doublets that are well known in atomic spec-
troscopy [44] and multi-photon ionization [45, 46]. In
the dressed-atom description, these doublets stem from
avoided crossings of the combined “atom + photons”
states (or Floquet states) at the resonant field frequency
(e.g. [47]). Their separation depends on the strength of
the coupling, i.e., on the intensity of the coupling field as
well as the dipole moment of the atomic transition.
In the present system, the field frequency is close to the
2s − 2p resonance with a slight blue shift, splitting the
two levels into doublets, which materialize as two lines
(or one line with a shoulder) in the photoelectron energy
distributions. For the counter-rotating field, the 2p state
does not exhibit the Autler-Townes splitting, because the
excited initial state is not coupled to the ground state by
radiation of opposite helicity (see Fig. 1). Generally, the
evolution of dressed states in a femtosecond laser pulse
4is a time-dependent problem. Assuming the rather unre-
alistic case of a fully adiabatic evolution of the dressing,
the blue-shifted radiation would cause an up-shift (down-
shift) in energy of the initially undressed 2s (2p) state,
i.e., only one level out of the respective doublet would be
populated. Therefore, the observation of both lines of the
doublets might generally indicate the nonadiabaticity of
the process with their relative intensities even providing a
quantitative measure. Additionally, the electron energies
are subject to ponderomotive shifts. These are, however,
rather small (≤ 21 meV) for the present field intensities.
Quantitatively, circular dichroism is given by the dif-
ference of the relative ionization yields for the two photon
spins. It is defined as CD = (P+−P−)/(P++P−), where
P+ and P− are the ionization probabilities for co- (+) or
counter-rotating (−) helicities, respectively. For the two
peak intensities shown in Fig. 3, the measured angle-
and energy-integrated CD values are 0.55 ± 0.08 and
0.56± 0.10, respectively. Both values are in good agree-
ment with the theoretical predictions of 0.66 and 0.53,
respectively. However, the measured values have large
errors, which are dominated by the uncertainty of the
excited-state fraction of the atomic gas cloud which is
(25 ± 3) %. Contributions due to statistical errors and
the cross-normalization procedure of the spectra for co-
and counter-rotating radiation are relatively small. The
given errors do not account for systematic effects due to
the imperfect polarization of target and laser field, which
generally are expected to shift the absolute CD value
slightly down. The small discrepancy between theory
and experiment might again be explained by the exten-
sion of the reaction volume around the focal point, as
mentioned above.
It is interesting to compare the present results to other
recent studies of circular dichroism in multi-photon ion-
ization of other atomic systems. Specifically, Ilchen et al.
[23] and Grum-Grzhimailo et al. [24] investigated circular
dichroism in the double ionization of helium in an XUV-
IR two-frequency field. In this system, the absorption
of two XUV photons results in the sequential and reso-
nant ionization-excitation of the target to the polarized
He+(3p) state, which is subsequently ionized by the ab-
sorption of four or more IR photons. Here, the integrated
CD value is close to +100% at low intensities before it
drops and even changes sign for higher intensities. Inter-
estingly, this change occurs over a very narrow intensity
range. Doubling the intensity already suffices to bring
the CD value down to nearly zero.
For the present system, the overall intensity depen-
dence of the dichroism is much weaker and appears to
be more consistent with an earlier theoretical study con-
sidering state-prepared atomic hydrogen [31]. This dif-
ferent behavior can be understood by the vastly unalike
preparation methods of the polarized p states: In [23],
the target excitation and the multi-photon ionization
processes occur both on the same time scale in a two-
frequency femtosecond radiation pulse. The steep drop
of the dichroism is explained by the polarization-selective
dynamic Stark shift of the He+(3p) state in the intense IR
field shifting the XUV field and the excited target state
out of resonance [24]. In the present study, in contrast,
the target excitation and the multiphoton ionization pro-
cesses are largely disentangled, as the lithium atoms are
excited in the quasi-continuous, low-intensity (in the or-
der of 10−2 W/cm2) resonant field of the AOT cooling
lasers on a much longer time scale given by the lifetime
of the excited state (about 27 ns). Therefore, dynamic
Stark shifts of the excited 2p state in the femtosecond
laser pulse do not significantly hamper the efficiency of
the state preparation.
In conclusion, we calculated and demonstrated experi-
mentally a multi-photon ionization scheme where strong
circular dichroism occurs in the photoelectron energy dis-
tribution. Specifically, polarized atomic lithium in the
excited Li(2p,m = +1) state is ionized by intense cir-
cularly polarized radiation of both helicities with a fre-
quency near the 2p excitation energy. If the laser elec-
tric field and the target electron current density counter-
rotate in the same plane, the photoelectron energy spec-
trum exhibits a single peak at about 2h¯ω − IP + UP fol-
lowing simple energy conservation, with ω, IP , and UP
being the field frequency, the ponderomotive energy shift,
and the ionization potential of the excited initial state,
respectively. For the co-rotating case, in contrast, this
energy relation is violated, because the 2p initial state
and the 2s ground state are coupled by the laser field
resulting in the Autler-Townes splitting of both states.
This effect enables to control photoelectron energies by
the field’s intensity and polarization and induce shifts
which, in the current experiment, amount up to 40 % of
the average continuum energy.
The multi-photon ionization scheme discussed in this
Letter is ideally suited and directly applicable to create
spin-polarized electron beams. It has been shown earlier
that photoelectrons have a nonvanishing spin polariza-
tion depending on their continuum energy in multiphoton
[30] or strong-field [29] ionization of noble gas atoms by
circularly polarized light. Due to the state preparation of
the target by optical pumping in the present scheme, not
only the orbital angular momentum but also the spin
of the single valence electron are aligned in the initial
state [33]. Therefore, a nearly complete spin polariza-
tion of the photoelectrons can be expected, irrespective
of their final energy. The polarization-dependent energy
shift discussed above provides an extremely fast, fem-
tosecond switchable dial to control the electron energy
on a level of a few meV. This way, femtosecond spin-
polarized electron pulses can be created with applications
in electron diffraction experiments probing, e.g., ultrafast
spin dynamics of magnetic domains.
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